Background: Short-term fine particulate matter (PM 2.5 ) exposure has been linked with increased Qt interval duration, a marker of ventricular repolarization and a risk factor for cardiac arrhythmia and sudden death, in several studies. Only one previous study evaluated whether long-term PM exposure is related to the Qt interval. We aim to evaluate whether subchronic and long-term exposure to PM 2.5 at home is linked with Qt duration in an elderly cohort. Methods: We measured heart-rate corrected Qt interval duration among 404 participants from the greater Boston area between 2003 and 2011. We modeled residential PM 2.5 exposures using a hybrid satellite-and land use-based model. We evaluated associations between moving averages of short-term (1-2 days), subchronic (3-28 days), and long-term (1 year) pollutant exposures and corrected Qt duration using linear mixed models. We also evaluated effect modification by oxidative stress genetic score using separated regression models and interaction terms. Results: We observed positive associations between subchronic and long-term PM 2.5 exposure and corrected Qt duration, with the strongest results for longer-term exposures. For example, a one standard deviation increase in 1-year PM 2.5 was associated with a 6.3 ms increase in corrected Qt (95% confidence interval: 1.8, 11) . We observed somewhat greater effects among subjects with higher (8.5 ms) rather than lower (3.1 ms) oxidative stress allelic profiles (P interaction = 0.25).
Conclusions: PM 2.5 was associated with increased corrected Qt duration in an elderly cohort. While most previous studies focused on short-term air pollution exposures, our results suggest that longerterm exposures are associated with cardiac repolarization.
(Epidemiology 2016; 27: 284-290) E xposure to particulate air pollution is associated with cardiovascular morbidity and mortality in numerous epidemiologic studies, especially among the elderly and those with preexisting medical conditions. 1,2 the mechanisms mediating this increase in risk are not fully understood, but may include particle-induced increases in oxidative stress, 3, 4 autonomic dysfunction, 5 and systemic inflammation. 6 On a functional level, associations between particulate pollution and cardiovascular events may be mediated in part by changes in cardiac repolarization. 2, 7 the Qt interval represents the duration of ventricular depolarization and repolarization and prolongation of this interval is an established risk factor for arrhythmia and sudden cardiac death. 8, 9 Sudden deaths in particular have been associated with particulate air pollution. 10 Short-term particulate pollutant exposure was associated with Qt interval duration in several epidemiological and animal studies. 7, 11, 12 However, although associations between particulate air pollution exposure and the risk of adverse cardiovascular outcomes are generally strongest for long-term rather than short-term pollutant exposures, only one cross-sectional study has previously examined the association between particles and Qt interval duration. 13 this study found a positive association between 1-year PM 2.5 exposure and the risk of Qt prolongation. Our aim was to further evaluate the association between intermediate-and long-term air pollution exposures and Qt interval duration among a longitudinal cohort of elderly men: the normative aging Study.
Specifically, we hypothesized that subchronic (3-28 days) and long-term (1 year) increases in exposure to particulate matter less than 2.5 mm in aerodynamic diameter (PM 2.5 ) would be related to increased duration of the heart-rate corrected Qt interval in our study population. We also evaluated whether this association was modified by participants' oxidative stress allelic profile, obesity and diabetes status, and current use of beta blockers, and examined whether the association between PM and Qtc varied across quantiles of the Qtc interval distribution using quantile regression.
METHODS

Study Population
Our analysis included 400 men enrolled in the Veterans administration normative aging Study (naS) with information regarding residential PM 2.5 concentrations, Qt duration measures, and all covariates of interest. these participants underwent 610 study visits between January 14, 2003, and December 21, 2011. the naS is a prospective cohort study, described in detail previously. 14 in brief, this closed cohort was established in 1963 and originally enrolled 2,280 adult male volunteers living in the greater Boston area, who were free of chronic medical conditions. loss to follow-up has been mainly due to death or moving out of the study area.
there were 607 active naS study participants during the time period of interest. Of these, 451 participants had complete information regarding subchronic or long-term residential PM 2.5 exposures and Qtc measurements for one or more study visits. three participants were missing information on cholesterol levels and one was missing information on race. We also excluded 49 study participants with atrial fibrillation, pacemakers, or QrS interval durations of 120 ms or greater from the analysis, which brought the final sample size to 400. Participants presented for one to four visits, with 27% (n = 166) undergoing at least two study visits.
We administered detailed questionnaires and physical examinations at all center-based study visits, occurring every 3-5 years. Physical examinations included measurement of height and weight, which was used to calculate body mass index (BMi). We used fasting blood samples to assess cholesterol levels, 15 and obtained smoking history from an american thoracic Society (atS) questionnaire. We defined participants' diabetes status based on a physician's diagnosis of type 2 diabetes, and/or use of diabetes medication assessed during the physician interview. We also assessed use of antihypertensive medications (ace inhibitors, beta blockers, calcium channel blockers, angiotensin receptor blockers, and diuretics) during the physician interview. Finally, systolic and diastolic blood pressure (SBP and DBP) were measured by a physician, and mean arterial blood pressure was defined as DBP + 1/3(SBP − DBP). this study was approved by the Harvard School of Public Health and Veteran administration institutional review boards, and all participants provided their written informed consent.
QT Interval Duration
We measured heart rate variability between 5:30 a.m. and 2:00 p.m. using a two-channel, five-lead ecg monitor (trillium 30000; Forest Medical, east Syracuse, nY), as described in detail previously. 16 Qt duration was measured in one of two leads using a Holter recorder. Participants rested for 5 minutes, and then remained seated during the ecg, which was recorded at a sampling rate of 256 Hz per channel for 5-10 minutes. Qt intervals were measured in ms from the onset of the QrS to the end of the t-wave on normal or supraventricular beats, and were not calculated when the t-wave did not have sufficient amplitude. We excluded participants with atrial fibrillation, pacemakers or QrS intervals ≥120 ms from our analysis (49 participants, 92 study visits). We calculated heart rate-corrected Qt values, hereafter referred to as Qt, using Fridericia's formula. 17
PM 2.5 Exposure and Temperature
We estimated spatially and temporally resolved daily residential PM 2.5 exposures (in μg/m 3 ) at each participant's residence using a validated hybrid exposure model, described in detail previously. 18 this model incorporated satellite-based aerosol optical depth measurements as well as land-use and meteorologic variables, including temperature, wind speed, elevation, visibility, distance to major roads, percent of open space, population density, traffic density, proximity to point source emissions, and area emissions (no 2 , So 2 , PM 10 , PM 2.5 ).
We used a mixed model approach by regressing daily PM 2.5 against aerosol optical depth, spatial predictors, and temporal predictors. For days when aerosol optical depth data were not available for some grid cells, we fit a generalized additive model with a thin plate spline term of latitude and longitude to interpolate PM 2.5 . Out of sample R 2 for this model was 0.89 for daily data and 0.87 for annual averages. We evaluated moving averages of PM 2.5 exposure at 3, 7, 21, 14, and 28 days as well as 1 year before each visit. although the focus of our study was subchronic and long-term PM exposures, we also evaluated averages of PM 2.5 for 1 and 2 days before each study visit. apparent temperature, defined as a person's perceived air temperature in °c, 19 was calculated using the following formula: −2.653 + (0.994 × air temperature) + (0.0153 × dewpoint temperature). We calculated moving averages of apparent temperature corresponding to 1-28 days before each study visit, and averaged outdoor temperature for the year before each visit.
Oxidative Stress Genetic Scores
We hypothesized that the PM-Qt association may be mediated by an oxidative stress-related mechanism. to evaluate this possibility, we calculated oxidative stress allelic profiless using a genetic score approach, in which variants of oxidative defense genes were selected using the least absolute shrinkage and selection operator (lasso) based on their association with 8-hydroxydeoxyguanosine levels (8-Ohdg is a marker of oxidative Dna damage). 20 the lasso method performs variable selection and estimates regression coefficients by minimizing the residual sum of squares given a constraint for the sum of the absolute value of coefficients in a regression model. 21 the genetic variants used to calculate the oxidative stress score were CAT (rs1001179, rs480575), GC (rs2282679), GCLM (rs3170633), HMOX1 (rs2071746, rs5995098), and NQO1 (rs1800566). We constructed scores representing participants' allelic profiles by summing these genetic variants, using the signs of the coefficients of the lasso penalization. 20
Statistical Analyses
We evaluated the association between standard deviation (SD) increases in moving averages of PM 2.5 exposure (1 day-1 year) and Qt interval duration in ms, using linear mixed models.
all models controlled for potential confounders, which we identified through a literature search and chose on the basis of being related to both air pollution exposure and Qt duration, as can be visualized using directed acyclic graphs. 22 these potential confounders are age (years), BMi (in kg/m 2 ), race (White, Black, Hispanic [White], and Hispanic [Black]), total cholesterol levels (mg/dl), smoking history (current, former, or never), current use of antihypertensive medications (ace inhibitors, calcium channel blockers, angiotensin receptor agonists, alpha blockers, or diuretics: yes/no), diabetic status (based on physician's diagnosis and/or use of diabetes medications: yes/no), alcohol intake (≥ vs. < two drinks/day), season (indicated using the sine and cosine of the date), mean arterial pressure (mmHg), and moving averages of temperature corresponding to the pollutant exposure duration of interest (using both a linear and quadratic term). We examined effect modification of the association between 1-year PM 2.5 exposure and Qt duration by obesity (defined as BMi ≥ 30 kg/m 2 ; yes/no), diabetes (yes/no), current use of beta blockers (yes/ no), and oxidative stress allelic profile (high/low; dichotomized according to the median score) using separated regression models. We also used interaction terms to assess effect modification. When assessing interactions with beta blocker use, we adjusted for the individual antihypertensive medications listed above rather than an aggregated antihypertensive medication use variable.
We conducted a sensitivity analysis evaluating associations between 1-year PM 2.5 exposure and Qt, excluding participants with PM 2.5 levels above 12 μg/m 3 (representing four participants and 10 visits). We did this analysis to examine the PM 2.5 -Qt association only at pollutant exposure levels below ePa air quality standards. in addition, we conducted a sensitivity analysis, which accounted for possible survivor bias using inverse probability weighting. We modeled the probability of returning for a visit based on variables available at previous visits, including Qt duration. the observations were given weights of one for the first visit, the inverse of the probability of returning for the second visit, the product of the inverse of the probabilities of returning for the second and third visits, etc. an additional sensitivity analysis restricted main effects and gene-environment interaction analyses to White participants.
Finally, we evaluated whether 1-year PM 2.5 exposure was associated with Qt duration at different percentiles of the Qt distribution using quantile regression for longitudinal visits. 23 instead of asking for the association between exposure and the average response, such analyses capture whether the shape of the distribution of Qt in the population is changed, rather than just shifted, and if so, which part of the distribution is most affected. Specifically, we evaluated this association at the 10th, 20th, 30th, 40th, 50th, 60th, 70th, 80th, and 90th percentiles of Qtc. We conducted analyses using SaS versions 9.3 and 9.4 (SaS corporation, cary, nc), and r version 3.1.1.
RESULTS
We report participants' characteristics at their baseline visit in table 1. in brief, participants presented with a mean age of 76 years, most were current or former smokers, 21% had diabetes, and 26% had a BMi over 30 kg/m 2 . We present residential PM 2.5 concentrations for the averaging periods of 1 day to 1 year across all study visits in table 2. For example, average 1-year PM 2.5 exposure was 9.8 μg/m 3 (interquartile range: 1.9 μg/m 3 , 5th-95th percentiles: 7.8-12 μg/m 3 ).
We present associations between moving averages of PM 2.5 exposure levels and Qt interval duration in table 3. We observed positive associations between increased subchronic and long-term PM 2.5 exposure and Qt duration. these associations were of greatest magnitude for longer-term exposures, although the trend was not linear. For example, 1 SD increases in PM 2.5 exposure were associated with a 2.1 ms increase in Qt (95% ci: −2.4, 6.7) for a 3-day moving average, a 3.7 ms increase in Qt (95% ci: −1.0, 8.3) for a 14-day moving average, a 7.0 increase (95% ci: 2.3, 12) for a 28-day moving average, and a 6.3 ms increase (95% ci: 1.8, 11) for a 1-year moving average. SD increases in 1-and 2-day PM 2.5 exposures were associated with 1.7 and 2.3 ms increases in Qt, respectively. the association between 1-year PM 2.5 and Qt was not changed materially by excluding participants with annual PM 2.5 measurements above ePa air quality standards (6.6 vs. 6.3 ms; data not shown). inverse probability weighting likewise did not appreciably alter main effects results, nor did limiting analyses to White participants only (data not shown).
We present quantile regression results in Supplemental table 1 (http://links.lww.com/eDe/a995). We observed a consistent change in Qt interval duration of a bit under 6 ms at every decile of the Qt distribution. For example, an SD increase in PM 2.5 was associated with a 5.9 ms increase in Qt at the 10th percentile of exposure (95% ci: 1.2, 11), and a 5.8 ms increase in Qt duration at the 90th percentile (95% ci: 1.1, 11 ).
Finally, we report associations between 1-year PM 2.5 exposure and Qt interval duration stratified by obesity and diabetes status, current beta blocker use, and oxidative stress genetic score in table 4. We found some limited evidence for interactions between oxidative stress allelic profile and PM 2.5 exposure in relation to Qt duration. Specifically, among those with low allelic risk profiles, a 1-SD increase in PM 2.5 exposure was associated with a 3.1 ms increase in Qt duration (95% ci: −3.7, 9.8), whereas among those with a high oxidative allelic risk profile, the same exposure increment was related to a larger increase in Qt duration (8.5 ms, 95% ci: 1.9, 15; P for interaction = 0.25). results were similar when restricting this analysis to White participants (data not shown). We also observed a somewhat stronger association between PM 2.5 and Qt among participants who were not taking beta blockers Models assessing interactions with beta blocker use adjust for individual antihypertensive medications (ace inhibitors, calcium channel blockers, angiotensin receptor agonists, alpha blockers, and diuretics), rather than a combined antihypertensive medication use variable. (6.5 ms, 95% ci: 0.14, 13), compared with current beta blocker users (2.1 ms, 95% ci: −4.7, 9.0; P interaction = 0.34). the association between PM 2.5 level and Qt duration was very similar when stratified by diabetes or obesity status (table 4) .
DISCUSSION
We report positive associations between subchronic and long-term PM 2.5 exposure and increased corrected Qt duration, a risk factor for arrhythmia and cardiac death, in a cohort of elderly men. effect estimates were strongest when evaluating longer-term moving averages of exposure, and among participants with a high oxidative stress allelic profile. the observed associations reflect PM 2.5 levels that are consistently at or below ePa standards. Our results suggest that particulate pollution is associated with increased risk of adverse cardiovascular events in part through changes in ventricular repolarization, and that these associations are stronger among people with higher genetic susceptibility to oxidative stress. a small number of studies previously explored the association between particulate air pollution and Qt duration. these studies reported associations between short-term particulate levels and increased Qt duration in both people and animals, 7, 11, 12 although a previous naS analysis which evaluated exposures up to 10 hours before the study visit reported associations only with black carbon (Bc; rather than PM 2.5 as a whole). 24 a large cross-sectional study reported a positive association between long-term PM 2.5 exposure and Qt prolongation. 13 Our analysis confirms an association between long-term PM 2.5 exposure and Qt, and extends the literature by using a longitudinal study design with repeated visits and by examining subchronic exposure periods. We also examined the PM 2.5 -Qt association at different percentiles of Qt duration, whereas epidemiologic studies generally evaluate changes in the mean outcome and may therefore miss associations in tails of the outcome distribution. 25 Our results indicate that the association between PM 2.5 exposure and Qt interval duration is stable across percentiles of the Qt distribution, and the Qt interval distribution is therefore shifted rather than changed in relation to pollutant exposure. Ours is also the first study to evaluate interactions between long-term PM 2.5 exposure and oxidative stress genes, obesity, and beta blocker use in relation to Qt, and the first to evaluate the association between long-term PM 2.5 and Qt among the elderly, a subpopulation particularly vulnerable to pollutant-induced health effects. 2 the demonstration that long-term exposure is associated with changes in Qt is important because the studies showing Qt associated with increased risk of subsequent arrhythmias interpret the longer Qt as a relatively stable, long-term risk factor for the events. if long-term averages of PM 2.5 are stronger predictors of Qt than short term, this suggests that the long-term exposure is producing precisely the chronic effects on Qt that are risk factors for cardiovascular events.
Potential mechanisms underlying the observed associations include a particulate-induced increase in pulmonary oxidative stress, which can in turn induce proinflammatory cytokines. 26 Particles can also induce oxidative stress and inflammation directly in the vasculature and myocardial substrate. 27 Furthermore, epidemiologic studies, including one in the naS cohort, link PM exposure to methylation changes in the inducible nitric oxide synthase (iNOS) gene, which helps to regulate the inflammatory response. 28, 29 increased proinflammatory signals and oxidative stress can alter cardiac autonomic control, 27 causing a prolonged period of ventricular polarization via changes in sodium and calcium channels. 30, 31 Oxidative stress also inhibits nitric oxide production, 32 which could lead to changes in cardiac autonomic control, thereby triggering Qt prolongation. 33 We observed some limited evidence for modification of the relation between PM 2.5 and Qt by oxidative stress genetic score, with somewhat stronger associations among participants with a high rather than low oxidative stress allelic profile. this result is consistent with a previous naS study of short-term Bc exposure and Qt duration, 24 and with earlier reports of oxidative stress genes modifying pollutant effects on heart rate variability. 34, 35 as discussed above, probable mechanisms underlying the association between particulate air pollution and Qt duration are heavily based on increases in oxidative stress. 2 thus, genetic variants affecting reactive oxygen species formation and antioxidative defenses are expected to modify the PM 2.5 -Qt association. nevertheless, our study's finding is modest and could be due to chance. therefore, our result should be replicated in future studies, and then examined in light of the overall literature.
We also report some weak evidence of modification by beta blocker use, with somewhat larger effect estimates among those not currently using these medications. a possible causal mechanism underlying this finding involves effects of beta blockers on improved cardiac autonomic control. 36 However, we should note that the close association between medication use and hypertension limits interpretability of our results, which could also be due to chance.
Our results are not suggestive of effect modification by obesity or diabetes on the association between PM 2.5 and Qt. We expected to observe interactions because people with diabetes and obesity have elevated baseline oxidative stress levels and both conditions may be associated with increased Qt duration. [37] [38] [39] Our current findings are also inconsistent with a previous naS study regarding short-term Bc exposure and Qt duration. 24 it should be noted that our study did not have sufficient power to examine effect modification in an optimal way, nor did we have the statistical power to examine three-way interactions, and larger studies will be needed in the future to examine the possibility of susceptible subgroups more thoroughly.
We acknowledge several other limitations of our study, including potential exposure misclassification of pollutant estimates. the limitation is reduced by the fact that we estimated individualized residential PM 2.5 exposures using a sophisticated, spatially and temporally resolved hybrid satellite-based and land-use model, which is likely to reduce misclassification relative to fixed monitoring studies. Furthermore, pollutant measurement error from spatio-temporal models is likely to be of the Berkson type, which decreases precision without biasing effect size. 40 an additional limitation was our use of a lower than normal sampling rate of 256 Hz. this was the standard at the time these recordings were made and is still used by many clinical laboratories. currently, a sampling rate of 1,000 Hz is considered preferable by most researchers and our lower sampling rate could lead to nondifferential measurement error and contribute to a possible false negative finding. We also used a variable recording duration, although the sampling time frame in our study was longer than the standard.
the changes in Qt duration that we observed do not rise to a level requiring a clinical response. 41 However, shifting the distribution of Qt interval duration may be of public health, rather than individual, concern. 42 Furthermore, PM 2.5 levels in the Boston area are generally below current ePa air quality standards. Other areas, especially in developing nations, may have consistently higher pollutant levels, which could affect ventricular repolarization more strongly. Finally, part of our goal was to identify mechanisms mediating the association between particulate pollutant exposure and adverse cardiovascular outcomes, and these results indicate that disturbance of cardiac repolarization may be part of that pathway.
a key factor in our ability to address the study question was development of a spatio-temporal model for daily exposure at the address of participants, due to the inclusion of satellite remote sensing data into the model, in contrast to exposures based solely on land-use regression. While exposure was only estimated at the residence of participants, our subjects are elderly and for the most part no longer working.
Because the naS comprises elderly, primarily caucasian men, results may not be generalizable to other segments of the population. Our findings, however, are consistent with those of a large study conducted among a younger population of both men and women. 13 Strengths of our study include access to a large, general population longitudinal cohort with extensive and repeated information regarding PM 2.5 exposures, potential confounders and effect modifiers, and Qt data from multiple study visits. the Qt interval was measured using a computer algorithm, which likely decreased measurement errors relative to manual measurement. Furthermore, longer-term rather than short-term exposures may be of most interest when assessing risk for chronic disease and dysfunction. Hence, an additional strength of our study was the reconstruction of participants' subchronic and long-term PM 2.5 exposures. 18 Finally, our use of oxidative stress genetic scores, designed in relation to their association with a valid marker of oxidative stress (8-OHdg), allowed us to reduce the number of statistical comparisons while examining the biological mechanisms potentially underlying the PM 2.5 -Qt interval association.
CONCLUSIONS
We report positive associations between subchronic and long-term PM 2.5 exposures and Qt interval duration, which may be strongest for longer-term exposures and among those with higher oxidative stress allelic profiles. changes in ventricular repolarization may mediate associations between particle exposures and adverse cardiovascular outcomes, and assessing longer-term exposures is important to understanding effects of air pollution on chronic disease and dysfunction. Our main effects results are similar to previous studies evaluating short-term particulate exposure, 7, 11 and with one previous cross-sectional study of long-term exposure, 13 but extend the literature by examining interactions between long-term PM exposure and oxidative stress genes and using a longitudinal, repeated-measures design when assessing long-term exposures. Future high-powered studies should further evaluate associations between longer-term pollutant exposures and Qt duration, including with respect to identifying susceptible subgroups.
